Abstract. Increasing evidence suggests that undernutrition during the fetal period may lead to glucose intolerance, impair the insulin response and induce insulin resistance (IR). Considering the importance of chromium (Cr) in maintaining carbohydrate metabolism, the present study aimed to determine the effects of maternal low Cr (LC) on glucose metabolism in C57BL mice offspring, and the involved mechanisms. Weaned C57BL mice were born from mothers fed a control diet or LC diet, and were then fed a control or LC diet for 13 weeks. Subsequently, the liver microRNA (miRNA/miR) expression profile was analyzed by miRNA array analysis. A maternal LC diet increased fasting serum glucose (P<0.05) and insulin levels (P<0.05), homeostasis model assessment of IR index (P<0.01), and the area under curve for glucose concentration during oral glucose tolerance test (P<0.01). In addition, 8 upregulated and 6 downregulated miRNAs were identified in the maternal LC group (fold change ≥2, P<0.05). miRNA-gene networks, Kyoto Encyclopedia of Genes and Genomes pathway analysis of differentially expressed miRNAs, and miRNA overexpression in HepG2 cells revealed the critical role of insulin signaling, via miR-327, miR-466f-3p and miR-223-3p, in the effects of early life Cr restriction on glucose metabolism. In conclusion, maternal Cr restriction may irreversibly increase IR, which may involve a specific miRNA affecting the insulin signaling pathway.
Introduction
An increasing number of individuals are being diagnosed with diabetes, particularly type 2 diabetes (T2D) (1). In addition to genetic factors, environmental factors contribute to the occurrence of T2D. In human and animal experiments, a negative association between intrauterine nutrition and metabolic disease risk has been observed. Hales et al reported a U-shaped relationship between birth weight and glucose intolerance at 64 years of age (2) . Furthermore, low-birth weight subjects exhibited increased plasma levels of proinsulin, which is an indication of islet β cell dysfunction. Based on these findings, Hales and Barker proposed the 'thrifty phenotype hypothesis', which addresses the important role of poor nutrition in early life on permanent changes in glucose-insulin metabolism, to explain this relationship (3) .
Chromium (Cr) is an essential glucose regulator (4, 5) . The normal human range of blood Cr is 0.12-0.67 µg/l (6). However, total body Cr concentrations decrease by 25-40% with age. Subjects with Cr deficiency have increased blood glucose and insulin levels (7) . In addition, the tissue Cr levels of patients with diabetes are lower compared with in normal control subjects, and a correlation exists between low serum Cr levels and the occurrence of T2D (8) .
A previous study demonstrated that maternal Cr deficiency leads to insulin resistance (IR) and impaired glucose tolerance in WNIN rat offspring. The underlying mechanism involves increased oxidative stress (9) . In addition, the molecular mechanisms underlying fetal programming may be partly associated with epigenetic regulation of the expression of key genes (10) . Our recent research indicates that maternal chromium restriction leads the miRNA dysfunction involved with MAPK signaling pathway in the adipose of female offspring (11) .
Maternal chromium restriction induces insulin resistance in adult mice offspring through miRNA QIAN MicroRNAs (miRNA/miRs) are associated with important epigenetic mechanisms. miRNAs are short noncoding RNA molecules that bind to target genes to regulate various cellular processes. Increasing research has suggested that miRNAs are involved in the incidence and development of diabetes. miR-125a is upregulated in Goto-Kakizaki (GK) rats (T2D rat model) compared with in normal rats (12) , and may lead to IR. In addition, increased miR-143 has been detected in the livers of diabetic rats (13) ; miR-143 downregulates oxysterol-binding protein-related protein 8 and subsequently impairs the ability of insulin to induce the activation of protein kinase B (AKT) signaling, a central node of insulin action to induce glucose metabolism. Upregulation of miR-181a in diabetic livers and hepatocytes decreases sirtuin 1 expression, thus inactivating insulin signaling and glucose metabolism (14) . Furthermore, miR-96 and miR-126 directly target the insulin receptor substrate 1 (IRS1) 3'-untranslated region; a reduction in IRS1 is involved in IR under mitochondrial dysfunction in hepatocytes (15, 16) . Downregulation of miR-200 also impairs AKT/glycogen synthase kinase-mediated glycogenesis in the liver, resulting in hepatic IR (17) .
The present study hypothesized that an association exists between maternal low Cr (LC) status and epigenetic reprogramming of the transcriptome by means of miRNA in offspring. To test this hypothesis, a whole miRNA expression array was performed in mice exposed to maternal Cr restriction.
Materials and methods

Animals and protocol.
All procedures were performed in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institute of Health (18) . The present study was approved by the Animal Care Committee of the Peking Union Medical Hospital (Beijing, China; permit no. MC-07-6004), and all efforts were made to minimize suffering. Female (n=20) and male (n=10) C57BL mice (age, 7 weeks; weight, 18.7±1.8 g) were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China; SCXK-2013-0107). All mice were maintained in ventilated individual cages at 24±1˚C and had access to food and water ad libitum; lights were switched on between 6 a.m. and 6 p.m. . Mating was confirmed by the presence of sperm in a vaginal smear the following morning. Pregnant females (n=16) were randomly divided into two groups: Control group (CON, fed a standard rodent casein-based diet based on the American Institute of Nutrition AIN-93G diet) and LC diet group (fed a LC diet, which lacked only in Cr) (n=8/group; Table I ). The diet protocol was maintained throughout the gestation and lactation periods. The concentration of Cr in the CON and LC diets was 1.19 and 0.14 mg Cr/kg -1 diet, respectively [assessed by atomic absorption spectrometer (TAS986; Beijing Persee General Corporation, Beijing, China)]. All diets were provided by Research Diets, Inc. (New Brunswick, NJ, USA). Following birth of the offspring, the litter size in each cage was randomly adjusted to 6 pups (3 males, 3 females, if possible) to ensure equal nutrition until the pups were weaned. Pups were kept under the same housing conditions as the adult mice. After weaning, pups were randomly subdivided into four groups: i) Pregnancy and lactation CON diet group fed a CON diet after weaning (CON/CON); ii) pregnancy and lactation CON diet group fed a LC diet after weaning (CON/LC); iii) pregnancy and lactation LC group fed a LC diet after weaning (LC/LC) and iv) pregnancy and lactation LC group fed a CON diet after weaning (LC/CON) (n=8/group; 1 male pup from each litter was randomly assigned to the experimental groups). Male offspring only were used for the present study to avoid sex differences on the effect of maternal nutrition on glucose metabolism (19) . At the end of the experimental period (16 weeks of age), blood samples were collected from the intraorbital retrobulbar plexus in anesthetized mice (ketamine 100 mg/kg, i.p.; Pfizer, Inc., New York, NY, USA) following a 10-h fast. All male mice (n=8/group) from eight different litters (1 male offspring/litter) were then sacrificed. Whole livers of the offspring were quickly removed and stored at -80˚C for further analysis. The experimental design is presented in Fig. 1 .
Measurement of serum Cr levels.
The blood samples from the dams at weaning and the 16-week-old offspring were centrifuged and the resulting serum was collected for Cr analysis. Serum Cr concentrations were measured using an atomic absorption spectrometer (Atomic Absorption Spectrophotometer; Hitachi, Ltd., Tokyo, Japan).
Measurement of body weight and blood glucose levels. Body weight and blood glucose levels of dams were measured at weaning, and were measured in pups at birth, weaning and at 16 weeks of age. Tail blood glucose measurements were recorded using a blood glucose analyzer (Bayer Contour TS Glucometer; Bayer AG, Leverkusen, Germany).
Oral glucose tolerance test (OGTT).
An OGTT was performed on dams at weaning and on pups at 16 weeks, after 12 h of food deprivation. The OGTT was performed in the morning. Glucose was introduced into the mice via oral gavage at a final dose of 2 g/kg body weight. Blood samples were obtained from the tail vein 30, 60 and 120 min after glucose load in order to analyze glucose concentration using a glucometer (Bayer Contour TS Glucometer; Bayer AG). Glucose responses during the OGTT were evaluated by estimating the total area under the curve (AUC) using the trapezoidal method.
Serum insulin levels and homeostasis model assessment of IR (HOMA-IR) index.
After 12 h of food deprivation, tail blood samples were obtained and centrifuged. Serum insulin concentration was quantified using an ELISA method (mouse insulin kit; EZRMI-13K; EMD Millipore, Billerica, MA, USA) according to the manufacturer's protocol. Serum glucose was measured by an enzyme end-point method (Roche Diagnostics, GmnH, Mannheim, Germany). HOMA-IR was calculated as follows: Fasting serum glucose x fasting serum insulin/22.5.
RNA extraction, cDNA synthesis and miRNA array hybridization. Total liver RNA was isolated using the mirVana™ RNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. All RNA samples were examined for the absence of DNA and RNA degradation by denaturing agarose gel electrophoresis. Total RNA was then reverse transcribed using the PrimeScript Reverse Transcription (RT) kit (Takara Bio, Inc., Shiga, Japan) according to the manufacturer's protocol. The expression of miRNAs contained in miRBase version 20.0 (released in June, 2013; http://www.mirbase.org) was analyzed by microarray using the Affymetrix Multispecies miRNA 4.0 array (Affymetrix; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Raw data were normalized, processed, and analyzed for statistical significance using Student's t-test and post hoc Tukey's test was applied for a multiple testing correction.
miRNA quantitative polymerase chain reaction (qPCR) validation. Total RNA obained using the mirVana™ RNA Isolation kit mentioned above was quantified using a NanoDrop 1000, and then reverse transcribed using TaqMan MicroRNA RT kit and RT primers from the respective TaqMan MicroRNA assay kit. qPCR was performed on an ABI 7900 thermocycler using the TaqMan Universal PCR Master Mix and TaqMan probes from the TaqMan MicroRNA assay kit (all from Applied Biosystems; Thermo Fisher Scientific, Inc.). Taqman probes were synthesized according to miRNA mature sequneces (Table III) . Amplification was performed at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The reaction conditions were 16˚C for 30 min, 42˚C for 30 min and 85˚C for 5 min. Tissue miRNA levels were normalized to endogenous U6.
miRNA target gene bioinformatics analysis. miRTarBase database version 6.0 (released September, 2015; http://mirtarbase. mbc.nctu.edu.tw/) was used to perform bioinformatics analysis of the differentially expressed miRNAs and their validated target sequences (20) .
miRNA target genes qPCR analysis. Total RNA extracted from the liver samples using the mirVana™ RNA Isolation kit mentioned above was reverse-transcibed by Superscript II (Invitrogen; Thermo Fisher Scientific, Inc.). qPCR analysis of gene expression was performed using an ABI Prism 7500 system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers used were obtained from Applied Biosystems; Thermo Fisher Scientific, Inc. (Table II) . Each PCR sample contained 20 ng reverse-transcribed RNA, which was analyzed using SYBR-Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following reaction conditions were used: 48˚C for 30 min, 95˚C for 15 min, 40 cycles of 95˚C for 15 sec, 55˚C for 1 min. Target mRNA expression was normalized to β-actin expression and are expressed as a relative value using the cycle quantification (Cq) method (2 -ΔΔCq ) (21) .
miRNA target genes pathway analysis. To fully clarify the biological functions of the target genes of differentially expressed miRNAs, Gene Ontology (GO) classifications and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were determined, using Database for Annotation, Visualization and Integrated Discovery software (http://david.abcc.ncifcrf. gov/) (22) . Interactions between miRNAs and mRNAs were analyzed by Cytoscape (http://www.cytoscape.org) (23) .
Cell culture and treatments. HepG2 human liver cancer cells (American Type Culture Collection, Manassas, VA, USA) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1% pencillin-strepomycin, 2 mM glutamine (all from Lonza Group, Ltd., Basel, Switzerland) and 25 mM HEPES (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in a humidified incubator containing 5% CO 2 at 37˚C. HepG2 cells (2x10 5 cells/ml) were transfected with miR-327, miR-223-3p, miR-446f-3p (mature sequences in Table III ; 10 µM; Ambion; Thermo Fisher Scientific, Inc.) or negative control oligoduplex (Ambion) using transfection reagent (Lipofectamine ® RNAiMAX; Invitrogen; Thermo Fisher Scientific, Inc.) for 12 h at 37˚C. After 24 h, cells were harvested for RNA preparation, and to measure the relative expression levels of miR-327, miR-223-3p, miR-446f-3p, thymoma viral proto-oncogene 1 (Akt1), 3-phosphoinositide dependent protein kinase 1 (Pdpk1), phosphatidylinositol 3-kinase, catalytic, α polypeptide (Pik3ca), phosphatidylinositol 3-kinase, regulatory subunit, polypeptide (Pik3r1), phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 3 (Pik3r3) and solute carrier family 2 member 4 [Slc2a4, also known as glucose transporter 4 (Glut4)].
Data statistical analysis. All numerical results are expressed as the means ± standard deviation of the indicated number of experiments. Student's t-test was used to compare unpaired samples, and One-way analysis of variance followed by post hoc Tukey test was used for multiple comparisons. GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to analyze the data. P<0.05 was considered to indicate a statistically significant difference.
Results
Dams. Serum Cr concentrations were lower in the LC group compared with in the CON group (0.36±0.03 vs. 0.74±0.14 ng/ml, P<0.01). Body weight, fasting blood glucose, blood glucose levels, AUC of glucose concentration during OGTT, serum insulin levels and HOMA-IR index in LC dams were similar to CON dams at the end of lactation (data not shown).
Offspring
Effect of maternal LC diet on serum Cr in offspring. At 16 weeks of age, serum Cr in the LC/LC (0.31±0.02 ng/ml) and CON/LC groups (0.27±0.01 ng/ml) was significantly reduced compared with in the CON/CON (0.69 ±0.03 ng/ml) and LC/CON groups (0.72±0.09 ng/ml, P<0.01).
Effects of maternal LC diet on body weight of offspring. At birth, 3 and 16 weeks of age, body weight of male pups was not markedly different among the various groups.
Effects of maternal LC diet on fasting blood glucose in offspring. At week 3, no significant differences in fasting blood glucose were noted among all groups. At week 16, fasting blood glucose in the CON/LC (8.32±0.72 mmol/l), LC/CON (8.19±0 .92 mmol/l) and LC/LC groups (8.52±0.73 mmol/l) was significantly higher compared with in the CON/CON group (5.83±0.07 mmol/l, P<0.05).
Effects of maternal LC diet on glucose tolerance in offspring. To determine whether maternal LC diet disturbs glucose tolerance in offspring, an OGTT was conducted at 16 weeks of age. After a bolus of oral glucose, blood glucose levels were significantly increased in the offspring of the CON/LC, LC/LC and LC/CON groups compared with in the CON/CON group at 30, 60 and 120 min (P<0.05 or P<0.01). AUC of blood glucose concentration was increased in the CON/LC (51.43±4.38 mmol/l/h), LC/LC (53.18±4.83 mmol/l/h) and LC/CON groups (48.85±5.28 mmol/l/h) compared with in the CON/CON group (26.23±3.14 mmol/l/h, P<0.01).
Effects of maternal LC diet on serum insulin and HOMA-IR index in offspring. Serum fasting insulin levels were significantly increased in the CON/LC (11.8±1.84 µIU/ml) and LC/LC groups (13.2±1.8 µIU/ml) compared with in the CON/CON group (6.4±0.53 µIU/ml, P<0.05). HOMA-IR index in the LC/CON (3.8±0.37), CON/LC (3.1±0.24) and LC/LC groups (3.8±0.26) was higher than that in the CON/CON group (2.1±0.13, P<0.01) (data not shown).
miRNA array. Affymetrix miRNA 4.0 array contains all known mouse and rat miRNA annotated in the miRBase 20.0 sequence 
Akt1, thymoma viral proto-oncogene 1; Pdpk1, 3-phosphoinositide dependent protein kinase 1; Pik3ca, phosphatidylinositol 3-kinase, catalytic, α polypeptide; Pik3r1, phosphatidylinositol 3-kinase, regulatory subunit, polypeptide (p85 α); Pik3r3, phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 3 (p55); Slc2a4, solute carrier family 2 member 4.
database. A volcano plot was generated to identify differential expression between the LC/CON and CON/CON groups, as shown in Fig. 2 . The cluster and heat maps of all detected differentially expressed miRNAs were plotted to better demonstrate differential miRNA expression between the two groups (Fig. 3) .
The miRNA array yielded 14 significantly differentially expressed miRNAs (Table III) mmu-miR-207 and mmu-miR-466f-3p), and 6 miRNAs were down regulated (m mu-m iR-30f, m mu-m iR-344b-5p, mmu-miR-28b, mmu-miR-296-3p, mmu-miR-7062-3p and mmu-miR-3090-5p). Differentially expressed miRNAs were defined by a fold change ≥2, up-or downregulated and P<0.05.
qPCR. qPCR was used to confirm differential miRNA expression and to detect the target genes of differentially expressed miRNAs (Fig. 4) . The differential expression of miRNAs was confirmed by RT-qPCR; the results were consistent with the array analysis (Fig. 4A) . P<0.01 vs. the CON/CON group. Akt1, thymoma viral proto-oncogene 1; CON, control; LC, low chromium; miR/miRNA, microRNA; Pdpk1, 3-phosphoinositide dependent protein kinase 1; Pik3ca, phosphatidylinositol 3-kinase, catalytic, α polypeptide; Pik3r1, phosphatidylinositol 3-kinase, regulatory subunit, polypeptide (p85 α); Pik3r3, phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 3 (p55); qPCR, quantitative polymerase chain reaction; Slc2a4, solute carrier family 2 member 4. (Table IV) . The significantly over-represented biological process, cellular component and molecular function GO terms (P<0.001) in the differentially expressed miRNA targets are presented in Table V .
In biological process, the GO terms were involved with transcription, regulation of transcription, negative regulation of gene expression, protein localization, regulation of neuron apoptosis, phosphate metabolic process and phosphorus metabolic process (Fig. 5) . A pathway analysis was conducted using the 8 differentially expressed miRNA targets; pathway title and the P-value of the significant pathways (P<0.0001), are presented in Table VI . KEGG pathway analysis showed that the target genes of differential expression miRNAs in LC/CON mice were mainly focused on insulin signaling pathway (Fig. 6 ). miRNAs and their target interactions are presented in Fig. 7 .
miRNA target genes qPCR. Akt1, Pdpk1, Pik3ca, Pik3r1, Pik3r3 and Slc2a4 (Glut4) were downregulated in the LC/CON group compared with in the CON/CON group, as demonstrated by RT-qPCR (Fig. 4B) .
miR-327, miR-223-3p and miR-466f-3p target the insulin signaling pathway in HepG2 cells.
To determine whether miR-327, miR-223-3p and miR-466f-3p negatively regulate the insulin signaling pathway in vitro, HepG2 cells were transfected with miR-327, miR-223-3p and miR-466f-3p mimics. Slc2a4 expression was significantly downregulated in miR-327-transfected HepG2 cells (P<0.01; Fig. 8A ). In miR-466f-3p-transfected HepG2 cells, Pik3ca and Pik3r1 were significantly downregulated (P<0.01; Fig. 8B ). In miR-223-3p-transfected HepG2 cells, Akt1, Pdpk1 and Pik3r3 were significantly downregulated (P<0.01; Fig. 8C ).
Discussion
In the present study, a 13-week LC diet led to impaired fasting blood glucose and glucose tolerance, and IR in male mice. Previous studies revealed the key role of Cr in regulating blood glucose (24, 25) . In addition, Cr supplementation has been reported to improve glucose metabolism in diabetic rats and patients (26) (27) (28) .
Notably, the present study demonstrated that male offspring from dams fed a LC diet had comparable birth weight to the CON group up to 16 weeks. A maternal LC diet did not change fasting blood glucose levels in offspring at 3 weeks of age; however, offspring from dams fed a LC diet exhibited impaired fasting blood glucose and glucose tolerance at 16 weeks of age. Mice in the LC/CON group had normal serum Cr levels; however, this could not correct the glucose intolerance. Padmavathi et al indicated that maternal Cr restriction increased fasting plasma glucose (from 9 months) and the AUC of glucose concentration during OGTT (from 15 months) in the offspring (9) . In addition, growth-restricted rats exhibited glucose intolerance from 6 months of age (29) . Pups from magnesium-restricted dams, which were shifted to a control diet, exhibited glucose intolerance at 180 days of age (30) . A low-protein diet increased fasting blood glucose in offspring at 3 months (31) . The results of the present study detected glucose intolerance in offspring earlier than Padmavathi et al (9) , this may be partly because the Cr-restricted diet used in the present study was 88% Cr restriction compared with 67% Cr restriction.
The present study also demonstrated that serum insulin levels and HOMA-IR index were markedly increased in the offspring of dams fed a LC diet at 16 weeks of age. Padmavathi et al reported that maternal Cr restriction increased fasting insulin (from 15 months) and HOMA-IR index (from 9 months), whereas rehabilitation could not correct this effect (9) . In a previous study, pups from pregnant rats fed a calcium-deficient diet exhibited increased insulin levels and HOMA-IR index at day 200 (32) . Furthermore, at 12 months of age, offspring from vitamin B12-restricted dams had higher fasting blood insulin levels and HOMA-IR index (31) .
Using a miRNA array and qPCR, the present study indicated that a maternal LC diet downregulated miR-334b-5p expression in the liver of male offspring. Zeng et al revealed that miR-344-3p was downregulated in islets from diabetic GK rats (33) . Furthermore, in the present study, a maternal LC diet downregulated miR-296-3p expression in the liver of male offspring. In the pancreatic β-cell line, MIN6, miR-296 was significantly downregulated by high glucose treatment (34) . In addition, a maternal LC diet upregulated miR-122-3p expression in the liver of male offspring; miR-122 is highly expressed in the liver and is highly conserved in sequence (35) . Serum miR-122 levels are markedly increased in newly diagnosed diabetic cats (36) . A maternal LC diet also upregulated miR-327 expression in the liver of male offspring. miR-327 has been revealed to be upregulated in myocardial microvascular endothelial cells from GK rats compared with Wistar rats (36) .
In the present study, further bioinformatics analysis aided in the interpretation of the biological function of the differentially expressed miRNAs in glucose metabolism regulation. According to the KEGG pathway enrichment analysis, the significantly differentially expressed miRNAs (miR-327, miR-223-3p and miR-466f-3p) in the LC/CON group served important roles in the insulin signaling pathway.
In the insulin signaling pathway, Pik3r1 and Pik3ca are target genes of miR-466f-3p (37) (38) (39) . In addition, Akt1 and Pik3r3 are target genes of miR-223-3p (40) . One target of miR-327 is Slc2a4 (Glut4) (39) . In a previous study, Cr malate improved Glut4 and Akt levels in the liver tissues of T2D rats (26) . In C2C12 skeletal muscle cells, oligomannuronate Cr complexes may enhance GLUT4 and the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway (25) . Therefore, it may be hypothesized that a maternal LC diet upregulates miR-327, miR-466f-3p and miR-223-3p expression, thus inhibiting insulin signaling (Fig. 9) .
The PI3K/AKT signaling pathway is a classical pathway that regulates insulin in glucose metabolism. This pathway serves a role in glucose uptake by the liver, skeletal muscles and adipose tissues (41, 42) . The insulin receptor signaling pathway contributes to the development of diabetes. The IRS-1/PI3K/Akt axis has an important role in the insulin receptor signaling pathway through cascade phosphorylation (43, 44) . Inhibiting or blocking this pathway may reduce the physiological effects of insulin, which lead to IR. Ye et al demonstrated that hepatocytes in intrauterine growth retardation rats with catch-up growth exhibited decreased IRS1 and PI3K expression (45) . In addition, the PI3K p110β subunit, Akt1 proteins and phosphorylated-Akt Ser473 are reduced in the offspring of low protein-fed dams (46) . A previous study also reported that maternal protein restriction leads a decrease in Akt1 (Ser473) phosphorylation in the livers of offspring at postnatal day 130 (47) . Catch-up growth following intrauterine growth restriction reduces the expression of the PI3K p110β subunit at 22 days old, and Akt phosphorylation and Akt-2 protein levels at 3 months in adipose tissue (48) . In addition, maternal diabetes has been revealed to decrease GLUT4 in the adipose and muscle tissues of 10-week-old male offspring (49) .
In conclusion, the present study confirmed that a maternal LC diet caused glucose intolerance and IR in male offspring. The present study is the first, to the best of our knowledge, to demonstrate that a maternal LC diet induces miRNA dysfunction in the liver samples of offspring. In particular, a maternal LC diet may upregulate the expression of miR-327, miR-466f-3p and miR-223-3p, thus inhibiting the insulin signaling pathway in male offspring. In the future, scientists should aim to identify interventions for maternal Cr restriction to affect glucose metabolism in offspring. This treatment will benefit mothers and the next generation.
